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This meta-analysis of reports examining ticks throughout the Western Palearctic region indicates a distinct
geographic pattern for Borrelia burgdorferi sensu lato prevalence in questing nymphal Ixodes ricinus ticks. The
greatest prevalence was reported between the 5°E and 25°E longitudes based on an analysis of 123 collection points
with 37,940 nymphal tick specimens (87.43% of total nymphs; 56.35% of total ticks in the set of reports over the
target area). Climatic traits, such as temperature and vegetation stress, and their seasonality correlated with
Borrelia prevalence in questing ticks. The greatest prevalence was associated with mild winter, high summer, and
low seasonal amplitude of temperatures within the range of the tick vector, higher vegetation indices in the
May-June period, and well-connected vegetation patches below a threshold at which rates suddenly drop. Classi-
fication of the target territory using a qualitative risk index derived from the abiotic variables produced an indicator
of the probability of finding infected ticks in the Western Palearctic region. No specific temporal trends were
detected in the reported prevalence. The ranges of the different B. burgdorferi sensu lato genospecies showed a
pattern of high biodiversity between 4°W and 20°E, partially overlapping the area of highest prevalence in ticks.
Borrelia afzelii and Borrelia garinii are the dominant species in central Europe (east of �25°E), but B. garinii may
appear alone at southern latitudes and Borrelia lusitaniae is the main indicator species for meridional territories.

Lyme borreliosis (LB) is a tick-borne zoonosis caused by
bacteria in the taxonomic complex Borrelia burgdorferi. The
bacterium is maintained in a horizontal transmission cycle be-
tween its vector, ticks of the Ixodes ricinus complex, and ver-
tebrate hosts. Larval ticks hatch uninfected (33), and the two
subadult stages of the tick life cycle are responsible for the
enzootic maintenance of B. burgdorferi. The prevalence of LB
varies considerably in different European countries, with re-
ported changes in both the spatial and temporal scales of the
disease. The distribution of species of B. burgdorferi sensu lato
(3), prevalence of infected ticks, and the nature of habitats in
LB foci (16) show differences within Europe that seem to be
relevant to the prevalence of LB, and possibly to the different
clinical manifestations of the disease. This issue is particularly
important in light of concerns regarding changes in the densi-
ties of both vector and reservoirs as a result of climate trends
and the potential spread of infection (27, 28).

For B. burgdorferi sensu lato to thrive over time in efficient
infective cycles, tick larvae must acquire the bacteria from
infectious hosts and subsequently transmit them to susceptible
host populations as nymphs. The role of adult ticks as vectors
is limited in most cases, because adult males do not feed and
adult female ticks feed mainly on large animals that are not

competent reservoir hosts (15). Climatic forces have been pro-
posed to shape the population structures of pathogens by af-
fecting their tick vectors (26). The host specificity of B. burg-
dorferi sensu lato is a result of negative selection mediated by
the alternative complement pathway (24). In Europe, most
species or subtypes of B. burgdorferi sensu lato are specialized
to infect particular groups of vertebrates (24, 25). For example,
OspA serotype 2 of Borrelia afzelii and OspA serotype 4 of
Borrelia garinii are associated with rodents and some insecti-
vore species (17, 22), whereas Borrelia valaisiana and OspA
serotypes 3 and 5 to 8 of B. garinii infect terrestrial birds and
seabird species (18). Recently, OspA serotype 4 of B. garinii
has been associated with a new species, Borrelia bavariensis
(30). Some studies have indicated the influence of tick life
cycle traits on the distribution of B. burgdorferi sensu stricto
genotypes in the United States as a consequence of different
climate patterns affecting tick phenology (14). A temperature-
regulated pattern of B. burgdorferi sensu stricto genotypes in
the United States has been interpreted as the control of the
synchrony of the activity of the different tick stages by the
yearly temperature amplitude and persistence of the pathogen
in the primary reservoir host (14). The abundance of ticks is
determined not only by climate cues but also by the extrinsic
incubation period of spirochetes in ixodid ticks, which equals
the duration of development from larva to nymph and is cli-
mate sensitive (35). Therefore, patterns of abundance and
genotype distribution of B. burgdorferi sensu lato populations
are shaped substantially by the environmental cues that act on
the tick populations, whereas additional layers of complexity
are introduced into the system by host population dynamics
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and the host immune response to both the bacteria and the
ticks (4).

The comparative prevalence and distribution of B. burgdor-
feri sensu lato in Europe have been reviewed (20, 21), and a
meta-analysis of the prevalence of B. burgdorferi sensu lato
genospecies in I. ricinus ticks in Europe has already been per-
formed (36). However, these studies focused on a geographic
analysis that was based on large administrative divisions, which
cannot disentangle the relationships between abiotic traits and
patterns of occurrence. Because these abiotic traits are critical
drivers of both tick and host populations by regulating seasonal
tick activity and density, they should be identified before any
potential impact of climate trends on the processes behind the
transmission rates of LB can be determined.

Here, we describe a meta-analysis of the reported preva-
lence and distribution of genospecies of B. burgdorferi sensu
lato in host-seeking I. ricinus ticks in the Western Palearctic
region based on a systematic literature review. We describe (i)
the distribution of B. burgdorferi sensu lato and (ii) occurrence
of different Borrelia genospecies in I. ricinus tick populations in
Europe. This analysis is explicitly restricted to the area of
distribution of I. ricinus, though the bacterium can be trans-
mitted by Ixodes persulcatus east of the target area. The fol-
lowing questions concerning the distribution of B. burgdorferi
sensu lato were examined. (i) How does reporting affect the
prevalence, and can this be a confounding factor? (ii) How do
the rates of tick infection differ across the surveyed area? (iii)
Are these infection rates unambiguously linked to abiotic
(temperature, vegetation, landscape) features? (iv) Is there a
particular pattern of distribution of B. burgdorferi sensu lato
species in the Western Palearctic region?

MATERIALS AND METHODS

Data collection. All data on the prevalence of Borrelia burgdorferi sensu lato in
questing ticks in Europe were obtained from reports published between 1995 and
2009, which are included in the references listed in File S1 in the supplemental
material. The methods generally used for detecting B. burgdorferi sensu lato in
ticks were cultivation in Barbour-Stoenner-Kelly (BSK) medium, dark-field and
phase-contrast microscopy, immunofluorescence assay, and PCR. Only reports
on prevalence in questing ticks were considered in order to avoid any bias of
reported infection in ticks after feeding on putatively infected hosts. Only studies
with an explicit mention of the number of specimens examined and prevalence
were included in our analysis. If data from different years were reported for the
same collection point, the data were averaged for the site for the general meta-
analysis and then used as different years for a study of the temporal prevalence
trends. As the main purpose of this analysis was to establish whether there is a
relationship between the abiotic traits of the habitat and the prevalence of B.
burgdorferi sensu lato in questing ticks, only papers with reliable coordinates for
the collection site or an unambiguous name for the collection locality were
included. A total of 236 individual collection localities for Ixodes ricinus nymphs
and 240 for adults were finally selected. The total number of collection points was
548, including reports reporting prevalence without separation into nymphs and
adults. These reports examined a total of 43,393 nymphs and 23,928 adults, the
results of which were reported independently, and a total of 7,652 nymphal and
adult ticks for which infection rates were not provided separately. Prevalence in
males and females was not differentiated. Pools of ticks negative for B. burgdor-
feri sensu lato are rare within the I. ricinus range. Only eight studies reported data
on negative ticks, representing a total of 23 sites for nymphs (907 specimens; 2%
of total nymphs) and 21 sites for adults (820 specimens; 3.3% of total adults), and
they were processed with the rest of the data. We sought to define the bias of
the reported prevalence in ticks and its significance by applying two tests over the
data from the papers listed in File S2 in the supplemental material. The agree-
ment of the different tests or the sensitivity and specificity of the tests was
analyzed using Win Episcope 2.0 (38). A kappa value greater than 0.6 was
obtained for every comparison of two tests. Thus, we concluded that microscopy

is the best technique for detecting positive samples, resulting in a �2% variation
in the reported prevalence. The low bias, together with conclusions from other
papers and a previous comparison of the mean prevalence of B. burgdorferi sensu
lato (36), provided support for using the prevalence as reported.

We classified prevalence into four levels according to the quartiles of its
frequency distribution. Reports without explicit indication of the tick stage
analyzed were not included. The levels for questing nymphs were �12% (first
quartile), 12 to 15% (second quartile), 15 to 20% (third quartile), and �20%
(fourth quartile). For adults, the levels were �6%, 6 to 14%, 14 to 23%, and
�23% for the first to fourth quartiles, respectively. The reported prevalence of
B. burgdorferi sensu lato was significantly different between nymphs and adults
(P � 0.0431), and the standard deviation in nymphs negatively correlated with
the number of specimens examined. A higher standard deviation was observed
for adults, regardless of the number of specimens. This result has a direct impact
on the classification of prevalence in questing ticks into discrete classes, because
quartiles are different according to the stage considered. Consequently, further
statistical analysis referred only to prevalence in nymphal ticks involving more
than 100 specimens, resulting in 123 collection points involving a total of 37,940
nymphs, representing 87.43% of the total nymphs and 56.35% of the total ticks
in the entire data set.

Statistical analysis. We specifically aimed to determine (i) the link between
prevalence and abiotic traits, (ii) the association between reporting patterns of B.
burgdorferi sensu lato genospecies according to categories of abiotic traits, and
(iii) the evolution of prevalence over time.

Association of prevalence and abiotic traits. We aimed to associate the prev-
alence of B. burgdorferi sensu lato in questing ticks with variables describing
abiotic traits of the habitat, such as temperature, vegetation stress, and landscape
connectivity. The collection points alone cannot capture the spatial nature of
these putative epidemiological drivers. A circular buffer zone of 0.25° in diameter
was created for each reported collection point, which was the geometric center
of each buffer zone. The prevalence reported for points inside each buffer was
averaged for that buffer zone; thus, the buffer zones were classified according to
the prevalence quartiles.

Raw abiotic variables were obtained from a set of monthly satellite images
from 2000 to 2009. Basic processing of the temperature images produced the
annual mean, absolute minimum and maximum temperatures, mean tempera-
ture in the month with absolute minimum, and mean temperature in the month
with absolute maximum. For vegetation, we obtained annual mean, minimum,
and maximum enhanced vegetation index (EVI) (a standard measure of vege-
tation greenness to which I. ricinus is very sensitive). We computed the final set
of monthly variables for the whole period from 2000 to 2009. We also aimed to
remove redundant information from satellite imagery and to provide the smallest
number of explanatory variables using principal component analysis (PCA). PCA
reduction retains the variability of the original explanatory variables and ac-
counts for prevalence rates with a minimal loss of information (8). Full details
regarding data acquisition and further processing are available in File S3 in the
supplemental material.

Habitat connectivity has been suggested as an important abiotic feature in the
epidemiology of some diseases caused by tick-borne pathogens, such as Lyme
borreliosis (LB) (2) or Crimean-Congo hemorrhagic fever (12). Because the
horizontal movement of ticks occurs mainly while they are feeding on hosts, their
movements across the habitat matrix may be the cause of different prevalence
rates due either to isolation or the high connectivity of host populations. Thus,
we wanted to assess the relationships between habitat connectivity and the
reported prevalence of Borrelia in ticks. Here we calculated traversability from
satellite images, an index directly correlated with habitat connectivity. Full de-
tails regarding data acquisition and further processing are available in File S3 in
the supplemental material.

We sought to capture an indicator of the probability of finding infected
nymphal ticks per area unit based on abiotic features and produce a map of the
target area classified according to such indicators. For each prevalence quartile,
associated climate traits were used to produce a qualitative evaluation of risk
according to Office International des Epizooties (OIE) standards (1, 6) on five
levels, namely, high, moderate, low, negligible, and null, which directly correlate
with the probability of finding nymphal ticks with prevalence in the four quar-
tiles. The method correctly classified 121 of the 123 buffer zones at 0.25° of
spatial resolution. The two erroneously classified buffers were sites belonging to
the “negligible” category but classified as “low.” We assumed the same predictive
power for a map of the complete target area and produced a grid of hexagonal
cells at 0.25° of spatial resolution covering the study territory. The climate
variables were transferred to each cell, and the risk classification was applied to
each cell.
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Associations between B. burgdorferi genospecies and abiotic traits. The specific
aim was to determine the occurrence of the B. burgdorferi sensu lato genospecies
in the Western Palearctic region according to climate traits. Previous analyses of
the distribution of B. burgdorferi sensu lato genospecies were based only on point
reports and did not account for the ecological reasons underlying such an asso-
ciation. Only genospecies determined by PCR were included for analysis of the
reported distribution of B. burgdorferi sensu lato species and all records were
used for this procedure. The Borrelia species considered were B. burgdorferi sensu
stricto, B. afzelii, B. garinii, B. valaisiana, and B. lusitaniae. Only a few records
were available for Borrelia spielmanii and for the rare Borrelia bisettii, so these
species were not included in the study. We did not include the newly recognized
species Borrelia bavariensis (30). Thus, B. garinii OspA serotype 4 strains were
included as B. garinii, because all of the reports included in our data set were
published before the new species was named and because most of them did not
report OspA serotypes, making it impossible to assign the isolates to B. garinii or
B. bavariensis.

We performed hierarchical agglomerative clustering (HAC), a method that
produces a series of clusters with subclusters, which in turn have subclusters, and
so forth, based on abiotic (temperature and vegetation) data. All of the clusters
produced by this method can be considered discrete hierarchical classifications of
continuous temperature and vegetation traits. HAC not only produces spatially
coherent information, but it also retains the seasonal information for the original
series of images (Fig. 1). We then characterized habitats by the assemblages of
B. burgdorferi genospecies, with methods based on a correspondence analysis (7).
The result is the ordination of the abiotic signatures according to the relative
prevalence of each genospecies, weighted by the number of times each genospe-
cies was reported in the target area. All of the procedures adhered to details
published previously (11, 19) and are available in File S3 in the supplemental
material.

Prevalence over time. To compare prevalence over the years, data were
merged for ranges of years using 2003 as the cutoff (pre-2003 and post-2003). The

year 2003 was chosen because it marks the midpoint of the study period. Only
data on nymphal ticks and from studies with more than 100 analyzed nymphal
specimens were used. Analysis of variance (ANOVA) was to compare the
merged groups. Other analysis methods produced an atomization of the reports
in small groups, which is not adequate for robust comparisons.

RESULTS

Geographic range of prevalence rates in questing ticks. Fig-
ure 2 shows the distribution of the prevalence of B. burgdorferi
sensu lato in questing ticks across latitudes and longitudes
using the whole set of 548 collection points with a total of
74,973 examined ticks (both nymphs and adults). Regression
curves between prevalence and coordinates (Fig. 2A and B)
showed an increase according to latitude and longitude. Nota-
bly, a sharp change in prevalence was seen between 5°E and
25°E. Most of the collections were reported within these two
longitude points, with only 20 collection points reported east of
25°E. The number of specimens studied for every collection
point was variable across the geographic range (Fig. 2D and
E). The prevalence was inconstant if a small number of ticks
were examined (Fig. 2F). When only reports involving more
than 100 nymphs were included, the prevalence in questing
ticks was highest in the 5° to 25°E range. This result persisted
when original reports were smoothed according to 0.25° buffer
zones (Fig. 2G and H).

FIG. 1. Computation of Western Palearctic abiotic trait (temperature and vegetation) signatures through a hierarchical cluster analysis. (A and
C) Significantly different clusters were obtained for both temperature (A) and vegetation (C) traits using clustering methods based on Mahalanobis
distance to the cluster centroid. The clusters are colored randomly. (E) The intersection of both groups of clusters produced a final set of 69
signatures, which are significantly different. Panels B and D show examples of the monthly values in descriptor variables over which signatures are
built. (B) Monthly temperature values (°Celsius) were included for three randomly selected signatures, with the colors in the line chart
approximating those of panel A. (D) Monthly enhanced vegetation index (EVI) values were included for three randomly chosen signatures, with
the colors in the line chart approximating those of panel C. (Copyright, EuroGeographics for the administrative boundaries.)
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Correlation of prevalence with abiotic traits. Abiotic vari-
ables obtained for 0.25° buffer zones were compared according
to the quartiles of prevalence in questing nymphs in Table 1.
Analysis of variance (ANOVA) detected significant differences
for some variables related to temperature. Absolute annual
minimum and mean maximum temperatures had different val-
ues for the four prevalence categories. Differences in the ab-
solute maximum temperature were significant only among
some categories. Principal component analysis (PCA) reduc-
tion of the monthly temperature variables provided a better set
of descriptors for categorized prevalence rates; the three axes
together were able to separate the four prevalence categories.
Values on the first temperature-derived principal axis corre-
lated directly with increased mean temperature according to
the four prevalence categories. The second temperature-de-
rived axis was inversely related to the amplitude of the seasonal
variability in temperature. Areas in the second and third quar-
tiles correlated with medium values of this variable, whereas
areas within the fourth quartile were associated with the lowest
values. The third temperature-derived axis is inversely corre-
lated with minimum winter temperatures. Sites in the first
quartile tended to be related to areas with the lowest winter
temperatures, whereas the rest of the quartiles had correla-
tively higher values for this axis. These differences were coher-
ent and homogeneous among groups. Variables derived from
vegetation features were not adequate descriptors of the
ranges of Borrelia prevalence if used alone. Traversability val-
ues (herein used as a measurement of habitat connectivity)

correlated well with the prevalence quartiles in nymphal ticks.
Sites in the first or fourth quartiles of the prevalence distribu-
tion had relatively low traversability, whereas the second and
third quartiles were linked to sites with higher traversability.

The classification of a 0.25° grid covering the target territory
with a qualitative risk analysis based on significant climate
variables is shown in Fig. 3A. High risk was observed in areas
of central Europe, overlapping the distribution of the reports
with highest prevalence in questing ticks. Sites of high risk were
consistently linked (Fig. 3B) to sites with relatively low winter
temperatures and the highest values in summer within the
distribution range of the vector, with a fast temperature in-
crease in summer and slow decrease in autumn. These sites
also have low vegetal stress (high enhanced vegetation index
[EVI] values), even if this factor was not significant in the
statistical analysis. Risk decreased further to “moderate” fol-
lowing a roughly concentric pattern around the previous cate-
gory. Areas of moderate risk were associated with a pattern of
relatively high winter and low summer temperatures, with a
clearly lower EVI signal compared to sites with high risk. Areas
of low risk were peripheral to the high and moderate ones and
mainly characterized by very low temperatures and the small-
est EVI signal in winter.

Distribution of B. burgdorferi sensu lato genospecies in the
Western Palearctic region. Figure 4 shows the classification of
the climate-derived signatures in the Western Palearctic region
according to the association of B. burgdorferi sensu lato geno-
species. All species appeared to be similarly prevalent over a

FIG. 2. Reported distribution of Borrelia burgdorferi sensu lato prevalence in questing Ixodes ricinus ticks according to latitude (A) and
longitude (B) for all 548 reported points. The area in gray in panel B is further detailed in panel C to show the area between 5°E and 25°E. In
panels D and E, the number of studied ticks is plotted according to latitude and longitude, showing the relationship between the number of studied
ticks and the reported prevalence (F). Panels G and H show the distribution of reported prevalence when only reports studying more than 100
nymphal ticks were included in the meta-analysis and the rates were smoothed following 0.25° diameter buffer zones drawn over each report.
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wide area in central and Western Europe between 4°W and
20°E, overlapping with the area of highest prevalence in quest-
ing ticks. B. lusitaniae was the dominant species reported in
meridional portions of the target area, and B. burgdorferi sensu
stricto was the dominant species in eastern portions of the
Western Palearctic. B. garinii and B. lusitaniae were the most
often reported species in parts of Spain, Portugal, Italy, and
Turkey. Therefore, the full complement of species is linked to
sites with the highest temperatures and smallest vegetal stress.
Both B. lusitaniae and B. garinii are the dominant species in
Mediterranean habitats. B. valaisiana was an indicator of
colder areas and a low vegetation index. B. valaisiana alone was
associated with large areas where few reports exist, giving a
false impression of the dominancy of such species in these
areas.

Temporal prevalence trends in ticks. No differences were
observed in ANOVA analyses carried out on prevalence in
nymphs (n � 100) for the periods before and after 2003 (P �
0.651). Evident, but nonsignificant, differences were found in
the number of reports ascribed to the four prevalence rate
intervals. More sites had prevalence rates categorized in the
second and fourth quartiles post-2003 (19 and 21, respectively)
compared to pre-2003 (13 and 16, respectively). An analysis of
the abiotic variables associated with the five levels of risk did
not show a significant trend.

DISCUSSION

The prevalence of Borrelia infection in questing ticks is one
of the most essential components of risk assessment for Lyme

borreliosis (LB) (29). Different approaches from published
reports provide variable figures on the geographic distribution
of prevalence. These prevalence figures are meaningless with-
out an adequate dissection of the factors delineating them. A
meta-analysis that integrates relationships with abiotic vari-
ables provides a more versatile choice than the traditional
review methods and allows quantitative conclusions to be
drawn. Previous studies painted an incomplete picture of prev-
alence and species distribution in the Western Palearctic re-
gion, associating them with administrative divisions in the re-
gion, and leading to an incomplete understanding of the
reasons behind such a distribution. Our analysis of data from
548 published records in the Western Palearctic region includ-
ing roughly 74,000 ticks showed that the overall mean preva-
lence is significantly higher in adult ticks than nymphs, which is
in line with previous reports (31). Because we found that a
small number of studied ticks explained a higher variability in
reported rates, we further filtered the reports to include only
those dealing with an adequate number of ticks.

The geographic background of prevalence in ticks showed a
significant trend with the highest rates in parts of central and
western Europe. This result contradicts previous reports (16,
26, 36) and is probably derived from the way reports were
included in previous analyses, which were based only on ad-
ministrative divisions without further spatial structure or eco-
logical meaning. A significant increase in prevalence from west
to east was reported only in adults and attributed to “the high
infection rates in central Europe combined with the large num-
ber of studies carried out in these regions” (36). In our study,
prevalence rates were very different among adults and nymphs,

TABLE 1. Abiotic variables for the four quartiles of B. burgdorferi sensu lato prevalence in I. ricinus nymphal ticks
grouped according to 0.25° buffer zonesa

Variableb
Abiotic variables (mean � SEM)c

All samples 1st quartile 2nd quartile 3rd quartile 4th quartile

Temp
Mean 281.5 � 0.2 281.9 � 0.8 A 280.76 � 0.2 A 281.1 � 0.3 A 282.3 � 0.4 A
Minimum 266.8 � 0.2 265.6 � 0.2 A 266.1 � 0.4 B 268.2 � 0.3 C 269.8 � 1.0 D
Mean minimum 277.3 � 0.2 277.2 � 0.7 A 276.8 � 0.2 A 277.3 � 0.3 A 278.6 � 0.4 B
Mean maximum 285.8 � 0.3 284.7 � 0.3 A 285.5 � 0.5 A 286.5 � 0.9 B 287.8 � 0.7 C
Maximum 297.7 � 0.3 297.5 � 0.9 A 296.8 � 0.3 A 298.0 � 0.5 A 299.1 � 0.9 B

EVI
Mean 0.43 � 0.00 0.44 � 0.02 A 0.43 � 0.01 A 0.42 � 0.01 A 0.43 � 0.01 A
Maximum 0.60 � 0.00 0.59 � 0.01 A 0.63 � 0.01 B 0.59 � 0.01 A 0.59 � 0.01 A
Minimum 0.25 � 0.01 0.32 � 0.03 A 0.23 � 0.01 B 0.23 � 0.01 B 0.26 � 0.02 C

PCA analysis
Temp

First PCA axis 990.4 � 0.9 987.0 � 1.1 A 989.5 � 1.6 A 993.0 � 3.0 B 997.5 � 2.4 C
Second PCA axis 3.7 � 0.3 9.0 � 0.7 A 5.6 � 0.5 B 5.2 � 0.5 B 2.0 � 0.6 C
Third PCA axis 2.9 � 0.2 0.2 � 0.4 A 3.3 � 0.3 B 3.2 � 0.3 B 3.6 � 0.2 B

EVI
First PCA axis 1.5 � 0.01 1.6 � 0.05 A 1.5 � 0.02 A 1.5 � 0.02 A 1.5 � 0.04 A
Second PCA axis 0.14 � 0.01 0.03 � 0.04 A 0.20 � 0.02 B 0.12 � 0.02 C 0.14 � 0.02 C
Third PCA axis 0.09 � 0.00 0.05 � 0.01 A 0.11 � 0.01 B 0.09 � 0.01 B 0.06 � 0.00 A

Traversability 912.0 � 40.6 730.1 � 99.3 A 968.9 � 48.6 B 1003.0 � 80.0 C 745.6 � 107.7 A

a Only reports studying more than 100 nymphs were included.
b Temperature is given in degrees Kelvin; all other variables are unitless.
c Prevalence quartiles are described in detail in Materials and Methods. Values with different letters (A, B, C, and D) had significant differences by ANOVA analysis.
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which we explain by the fact that host-seeking adult ticks have
had two blood meals from different hosts. Thus, the introduc-
tion of adults into the analysis, even if examining a significant
number of samples, diluted the relationships between the hab-
itat traits and prevalence rates in the tick population because
of the confounding effect of additional hosts. The inclusion of
only reports examining more than 100 nymphs led to consistent
results correlating the relationships between abiotic traits and
prevalence while still retaining an adequate number of ticks for
analysis. Previous reports of higher prevalence in eastern Europe
seem to be the result of studies examining small numbers of ticks,
which may be adequate for the local assessment of the presence
of B. burgdorferi sensu lato but unsatisfactory for the appraisal of
prevalence patterns in a wide area.

One of the most relevant results of our study was the rela-
tionship between abiotic traits and the prevalence of B. burg-
dorferi sensu lato in nymphal ticks, uncovering a relationship
between prevalence and temperature already suggested in pre-
vious studies (14, 26). Thus, environmental features of the
Western Palearctic region are linked to the geographic pattern
of variation in B. burgdorferi sensu lato prevalence in ticks. The
question is whether these results are biologically meaningful or
just statistically significant. Sites with the highest prevalence
had intermediate thermal amplitudes and the highest mean
and maximum temperatures within the margins suitable for the
tick vector. The lowest prevalence rates were associated with

the highest thermal amplitudes and lowest maximum and min-
imum temperatures. Medium and high prevalence sites were
associated with an intermediate winter temperature and low
thermal amplitude, resulting in low summer maximum values.
These findings are consistently supported by the results of the
principal component analysis (PCA) reduction of abiotic vari-
ables. Thus, environmental traits indicate that a long season of
tick activity (i.e., a long period of low vegetal stress) and a low
mortality rate for ticks, as well as a high turnover of host
populations, were related to the highest prevalence. Extremely
cold temperatures, high thermal variability, and high water satu-
ration deficit (through high vegetal stress or high EVI) are all
markers of low tick abundance or short tick seasonal activity, and
thus low contact rates between ticks and pathogen reservoirs.

Traversability was used here as a general measurement of
habitat connectivity (39). The empirical background showed
that habitat connectivity has an impact on tick abundance
along a network of connected vegetation patches at the land-
scape level (10). Small, highly fragmented, not well-connected
patches may lead to isolated host and tick populations, perpet-
uating transmission cycles and sometimes resulting in high
prevalence rates because of a lack of connectivity of local hosts
with neighboring host populations. Well-connected patches al-
low a continuous exchange of hosts and, therefore, a circula-
tion of infected ticks and hosts. Both low and very high prev-
alence rates were observed in ticks collected in zones with low

FIG. 3. Classification of the target area according to five qualitative levels of risk built from the quartiles of prevalence rates for Borrelia
burgdorferi sensu lato in nymphal Ixodes ricinus questing ticks. The map is colored according to the risk categories calculated for a grid of 0.25° of
spatial resolution. A line chart of the monthly temperature (°Celsius) and EVI values for the three most prominent categories is included. Lines
linking circles represent monthly EVI values (right-hand y axis), and solid lines represent monthly temperature values (left-hand y axis). (Copyright,
EuroGeographics for the administrative boundaries.)
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traversability, where both ticks and hosts may be locally com-
mon but largely isolated because of a lack of connectivity
among patches. Large patches had small connectivity values
and, thus, low traversability, covering large portions of the
territory and loaded with substantial host populations. Infec-
tion rates in ticks are largely “diluted” because the high host
densities buffer drastic changes in B. burgdorferi sensu lato
prevalence. A low connectivity rate for habitat patches is not
always synonymous with low prevalence in ticks (32). The clas-
sification map of Europe must be regarded as the best expla-
nation of the tick prevalence rates as an output of abiotic
variables, and not as a map of risk for humans. While the
acarological risk is acknowledged as one of the risk factors for
disease (29), it measures only the contact rates of infected ticks
and humans, with other factors partially accounting for the
incidence rates of the disease in Europe.

Our results pointed to a spatial pattern in the distribution of
B. burgdorferi sensu lato genospecies in the Western Palearctic
region. We used a correspondence analysis modified to find the
indicator genospecies that defined signatures of abiotic traits.
Interestingly, the area of highest prevalence in nymphal ticks
overlapped with the area of highest biodiversity, which is con-

sistent with optimum suitability for the transmission cycle, the
area where optimum circumstances for ticks, hosts, and the
potential for pathogen survival in both ticks and reservoirs
meet. The distribution patterns of B. burgdorferi sensu lato
genospecies are obviously obscured by the nature and scale of
our study but showed a clear link with temperature gradients
and vegetation features. These gradients are powerful drivers
of tick abundance, seasonality, and the dominance of the dif-
ferent spirochete reservoirs, resulting in highly variable com-
munities of hosts in the targeted region. Our results point to
the need for a broad field study addressing the distribution of
B. burgdorferi sensu lato genospecies (13, 30) as it correlates
with the genotypic features of the tick vector and climate
signatures developed in this study.

Therefore, B. burgdorferi sensu lato can be regarded as a
group of different ecological populations, or ecotypes, whose
distribution and abundance are shaped by climatic forces,
which also drive tick vector dynamics, together with the com-
plex layers resulting from the host species and abundance
patterns. Abiotic factors, such as temperature, atmospheric
saturation deficit, and hours of light, are well-known to affect
the host-seeking behavior and phenology of ticks, providing

FIG. 4. Distribution of the most representative species of B. burgdorferi sensu lato in the Western Palearctic region revealed by correspondence
analysis and the indicator species method. The distribution of the Borrelia species B. afzelii, B. garinii, B. lusitaniae, B. valaisiana, and B. burgdorferi
sensu stricto (s.s.) alone and in various combinations is shown. The analysis was performed with a total of 548 collection points examining 43,393
nymphs and 23,928 adults, and the set of habitat signatures was developed from monthly temperature and EVI features. (Copyright, EuroGeo-
graphics for the administrative boundaries.)
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the variability in tick life cycle according to geographic range
(34). Theoretical studies indicate that these complexities prob-
ably yield wide spatial-temporal fluctuations in the relative
abundance of different spirochete genotypes (5). The preva-
lence and distribution of genospecies as related to abiotic sig-
natures show a correlation with the geographic range of defi-
nite features of the cuticular hydrocarbon composition of I.
ricinus (9) and with the range of expansion after the last gla-
ciation in the Western Palearctic region (37). However, recent
studies have stressed that I. ricinus lacks a genetic structure for
its populations (23). Though the structure of host communities
determines the population structure of B. burgdorferi sensu lato
genotypes in Europe (13), with abiotic traits as a “proxy” of such
a distribution, we hypothesize that climate signatures have a def-
inite impact on the distribution of different “strains” of I. ricinus,
thus modulating B. burgdorferi sensu lato prevalence.

Our meta-analysis was not intended to capture the evolu-
tionary and ecological details responsible for the exact distri-
bution of B. burgdorferi sensu lato; we sought to assess the
rough distribution of prevalence rates in questing ticks along
the main climatic gradients in the Western Palearctic region as
a first step to addressing changes in the risk of infection for
humans. The background noise introduced by the precise tim-
ing and methods of collection, which lack representativeness of
the complete landscape around the collection point and the
whole period of tick activity in most cases, probably obscures
more clear patterns of association between prevalence and
abiotic traits. The dynamic nature of the drivers detected with
this meta-analysis is undoubtedly behind the rather noisy cycles
of variation in both space and time. How the long- and short-
term variability of climatic forces delineate regions with differ-
ent epidemiological contexts is still unknown.
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